I n -fliis p a p e r, a p u re ly lo g ical ap p ro ac h to p a rt-o f-s p e e c h ta g g in g a n d s h a llo w p a rs in g is e x p lo re d . It h a s a lo t in c o m m o n w ith re d u c tio n is t p a rs in g stra te g ie s su c h as th o s e e m p lo y e d in C o n s tra in t G ra m m a r (K a rls s o n e t al. 1994) a n d F in ite -S ta te In te rs e c tio n G ra m m a r (K o sk e n n ie m i 1990), b u t ru le s a re fo rm u la te d e n tire ly in lo g ic , a n d a m o d e l g e n e ra tio n th e o re m p ro v e r is u s e d fo r p a rt-o f-s p e e c h ta g g in g a n d p arsin g .
Introduction
In th is p a p e r, a p u re ly lo g ic a l a p p ro a c h to p a rt-o f-s p e e c h ta g g in g an d sh a llo w p a rs in g is e x p lo re d . It h a s a lo t in c o m m o n w ith re d u c tio n ist p a rs in g stra te g ie s su c h as th o s e e m p lo y e d in C o n s tra in t G ra m m a r (K a rlss o n e t al. 1994) a n d F in ite -S ta te In te rse c tio n G ra m m a r (K o sk e n n ie m i 1 9 90), b u t ru le s a re fo rm u la te d e n tire ly in first-o rd e r lo g ic , a n d a m o d e l g en era tio n th e o re m p ro v e r is u s e d fo r p a rt-o f-s p e e c h ta g g in g a n d p a rs in g . F o r th e p u rp o se o f d e m o n stra tin g th e ^p r o a c h , a s m a ll N^^WW-based sy ste m h a s b e e n im p le m e n te d .
Logic
R e c e n t y e a rs h a v e s e e n se v e ra l lo g ic p ro g ra m m in g la n g u a g e s th a t e x te n d p u re P ro lo g to h a n d le d is ju n c tio n a n d v a rio u s fo rm s o f n eg a tio n . T h e p a rtic u la r k in d o f e x te n sio n u s e d in th is p a p e r h a v e c la u se s o f th e fo llo w in g fo rm :
{^) -4/ .'•••.■ •'* Bfi, ~Dffj
T h a t is , th e c o n s e q u e n t o f a c la u se m a y c o n s is t o f a d is ju n c tio n o f a to m ic fo rm u la s, a n d th e a n te c e d e n t m a y c o n ta in n e g a te d fo rm u las. N e g a tio n h e re is n o t c la ssic a l n e g a tio n th o u g h , b u t n o n -m o n o to n ic , 'd e fa u lt' n e g a tio n (lik e n o t o r \+ in P ro lo g ). F o r re a so n s w e n e e d n o t to u c h u p o n h e re , c la u se s m u s t b e r a n g e -r e s tr ic te d , w h ic h m e a n s th a t all v a ria b le s o c c u rrin g in a c la u se m irst o c c u r in a t le a s t o n e o f th e p o s itiv e b o d y a to m s B E x p lic it n e g a tiv e in fo rm a tio n c a n b e g iv e n as fo llo w s ;
P )
--Bj,.,., Bfj, -D],..., ~Dffj H i i s lo g ic h a s th e e x p re s s iv e p o w e r o f fu ll first-o rd e r lo g ic , a n d th e n o n -m o n o to n ic o p e ra to r o n ly I t is w e ll-k n o v /n th a t e v e ry m o d e l o f a lo g ic p ro g ra m c a n b e re p re s e n te d b y a se t o f g ro u n d a to m ic fo rm u la s. F u rth e rm o re , a m o d e l M is a m in im a l m o d e l o f a th e o ry T i f th e re e x ists n o o th e r m o d e l o f T w h ic h is in c lu d e d (in th e s e t-th e o re tic s e n se ) in M , W h e re a s a th e o ry in th e la n g u a g e o f p u re P ro lo g a lw a y s h a s e x a c tly o n e u n iq u e m in im a l m o d e l, a d is jim c tiv e th e o ry in g e n e ra l d o e s n o t (cf. e.g. F e rn a n d e z &, M in k e r 1992).
T 
Input
'L tty ie ld ( s ) d e n o te th e d e sc rip tio n o f a n in p u t strin g o f w o rd s s. F o r e x a m p le , y i e l d C h e can ca n a c a n ") c o n sis ts o f th e fo llo w in g cla u se s:
(3) word(1-2,he). word(2-3,can). word(3-4,can). word(4-5,a). word(5-6,can).
N o te th a t th e fo rm s o f th e w o rd s, as w e ll a s th e ir re la tiv e p o sitio n s, a re e n c o d e d in th e se clau ses,
Grammar
A g ra m m a r c a n b e c o n c e iv e d o f as a se t o f c o n stra in ts, a n d c o n stra in ts c a n b e ex p ressed b y c la u se s. In th e a p p ro a c h a d v o c a te d h e re , le x ic a l e n tries a re e n c o d e d a s c la u se s, o ften w ith d isjim c tio n s in th e ir c o n se q u e n ts, as in (4).
(4) cat(S,v(nonsg3,inf)); cat(S,n(sg)); cat(S,aux(fin))word(S,can).
T h is c la u se c a n b e p a ra p h ra s e d as "e v e ry in sta n c e o f th e w o rd 'c a n ' is a n o u n o r a v erb o r an a u x ilia ry " .
O th e r c o n stra in ts ex p ress n e g a tiv e in fo rm a tio n , a n d te n d to lo o k a t th e lo c a l c o n te x t o f th e w o rd o c c u rre n c e s to b e d isa m b ig u a te d . H e re 's a n e x am p le:
(5) cat(P0-P1,det), cat(P1-P2,v(___)).
T h is se n te n c e c a n b e p a ra p h ra se d a s " d e te rm in e rs an d v e rb s, in th a t o rd e r, d o n o t o c c u r
to g e th e r" . C o n s tra in ts c a n a lso b e w ritte n th a t 'ta g ' o c c u rre n c e s o f w o rd s w ith sy n ta c tic fu n ctio n s, a n d w h ic h p e rfo rm d isa m b ig u a tio n o n th a t le v e l to o . A lso , b y m e a n s o f a re c u rs iv e d e fin itio n o f " z e ro o r m o re w o rd s " , w o rd s w h ic h a re n o t stric tly a d ja c e n t m a y b e re la te d , e.g , a s fo llo w s:
(6) fun(P0-P1 ,subj), zero_or"more_words(P1-P2), fun(P2-P3,subj).
T h is c la u se e x p re sse s th e c o n s tra in t th a t a se n te n c e m a y n o t c o n ta in m o re th a n o n e su b ject. a n d w ith a n in d ire c t d e fin itio n o f u n g ra m m a tic a lity b a s e d o n a n e g a tio n b y fa ilu re in fe re n c e step , i n -w hich th e n e g a tiv e is tra d e d fo r th e u n k n o w n : D e £ 2 : A n in p u t s trin g o f w o rd s s is u n g ra m m a tic a l i f it c a n n o t b e sh o w n to b e g ja n im a tic a l in th e s e n s e o f D e f 1.
P a rs in g b y m e a n s o f tra d itio n a l g e n e ra tiv e g ra m m a rs c a n b e p e rfo rm I n th e tra d itio n a l a p p ro a c h , re p re s e n te d b y th e d e fin itio n s 1 a n d 2, e v e ry th in g n o t e x p lic itly a llo w e d ( o r 'lic e n s e d ') is fo rb id d e n , w h e re a s a re d u c tio n is t g ra m m a r, b ased on th e d e fin itio n s 3 a n d 4 , a llo w s e v e ry th in g w h ic h it d o es n o t e x p lic itly d isa llo w .
T h e d iffe re n c e c a n b e s e e n v e ry c learly in th e e x tre m e c a s e w h e re w e h a v e n o g r a m m a r a t all.
T h e n , i n th e tra d itio n a l a p p ro a c h , sin c e n o in p u t strin g o f w o rd s c a n b e p arsed , e v e ry su c h strin g is d e e m e d u n g ra m m a tic a l, w h e re a s in th e re d u c tio n is t a p p ro a c h , n o in p u t strin g o f w o rd s is d e e m e d u n g ra m m a tic a l.
Output
I f f a l s e c a n n o t b e d e m o n stra te d , th e n th e g ra m m a r h a s a t le a st o n e m in im a l m o d e l w h ic h sh o w s t h a t th e s e n te n c e is a llo w e d b y th e g ra m m a r a n d w h ic h e n c o d e s th e lin g u is tic p ro p e rtie s o f th e in p u t s trin g o f w o rd s. T h a t is, a w e ll-fo rm e d lin g u is tic re p re se n ta tio n is a n y stru c tu re th a t s a tisfie s th e c o n stra in ts.
T h e re a r e tw o e q u iv a le n t w a y s in w h ic h lin g u istic stru c tu re s c a n b e re p re se n te d : as a s e t o f m in im a l m o d e ls, w h e re e a c h m o d e l re p re se n ts a s tru c tu re th a t 's u rv iv e s ' th e c o n stra in ts, o r a s a m in im a l m o d e l sta te (i.e. a s a se t o f d isju n c tio n s o f g ro u n d a to m ic sen ten c es).
Examples

7-1 Part-of-Speech Tagging
T h e a b o v e id e a s c a n b e a p p lie d to p a rt-o f-sp e e c h ta g g in g . A y ie ld re p re se n tin g th e s e n te n c e "h e c a n c a n a c a n " a s fo llo w s:
(7) word(1-2,he). word(2-3,can). word(3-4,can). word(4-5,a). word(5-6,can). a n d th e r e le v a n t le x ic o n e n trie s a s fo llo w s:
(B) cat(S,pron(sg3))word(S.he). cat(S.det)w ord(S,a). cat(S,v(nonsg3,inf)); cat(S,n(sg)); cat(S,aux(fin))word(S.can).
h a s n o le s s th a n tw e n ty -s e v e n m in im a l m o d e ls. W e th e n a d d th e fo llo w in g c o n stra in ts (w h ic h all s e e m re a s o n a b ly tru e ) to th e th e o ry :
;-cat(P0-P1,det).cat(P1-P2,vL,J).
-cat(P0-P1,det), cat(P1-P2,aux(_)).
-cat(P0-P1,pron(J), cat(P1-P2,n(sg)).
-cat(P0-P1 ,pron(sg3)), cat(P1-P2,v(nonsg3,J).
-cat(P0-P1 ,aux(J). cat(P1-P2.n(sg)).
-cat(P0-P1,aux(fin)), cat(P1-P2,aux(fin)). 
Shallow Parsing
N o w , le t u s c o n sid e r an e x a m p le fro m s y n ta x . G iv e n th e re p re se n ta tio n o f th e S w e d ish sen ten ce " lis a ä lsk a r p e lle " (E n g lish = " lis a lo v e s p e lle ") in (11), th e le x ic a l e n trie s in (1 2 ), th e ru les fo r a s sig n in g sy n ta c tic a l fu n c tio n s to p a rt-o f-s p e e c h in (13), a n d th e n e g a tiv e in fo rm a tio n in (14), th e re a re tw o m in im a l m o d e ls, d is p la y e d in (1 5 ) a n d (16), re sp e c tiv e ly . T h e se tw o a n a ly se s c a n b e 'p a c k e d ' in to o n e m in im a l m o d e l state, a s fo llo w s:
(17) { word(1-2,lisa). word(2-3,älskar). word(3-4,pelle). cat(1-2,pn). cat(2-3,v). cat(3-4,pn). fun(1-2,obj);fun(1-2,subj). fun(1-2,obj);fun(3-4,obj).
fu n (l-2 ,s u b j);fu n (3 -4 ,s u b j). fim (2 -3 ,p re d ). fu n (3 -4 ,o b j);fim (3 -4 ,s u b j).} T h u s , a m in iin a l m o d e l s ta te c a n a lw a y s p ro v id e a d e n se , 'u n d e rs p e c ifie d ' re p re s e n ta tio n o f a n a ly s e s re p re s e n te d a s a s e t o f m in im a l m o d e ls.
F in a lty , n o te th a t th e se n te n c e "h o n ä lsk a r p e lle " w o u ld o n ly re c e iv e o n e a n a ly sis, s in c e th e n o m in a fiv e fo rm o f th e p e rso n a l p ro n o u n " h o n " (E n g lis h = " sh e " ) d isa m b ig u a te s A e s e n te n c e on th e le v e l o f sy n ta x .
3 More Complex Constraints
T h e c o n s tra in ts w e h a v e s e e n so far h a v e b e e n fa irly sim p le , so le t's c o n sid e r a m o re c o m p le x o n e . I n (K a rls s o n e t al. 1994 , p . 59) th e fo llo w in g e x a m p le o f a c o n s tra in t is g iv en :
(
IB ) {"<fbr>" =! CS (NOT -1 VFIN)(1 TO)(2 INF)(*3 VFIN))
T h e id e a b e h in d th is c o n s tra in t is th a t " th e s u b ju n c tio n re a d in g (C S ) o f th e w o rd -fo rm " < fo r> " is c o rre c t i f th e p re c e d in g w o rd is n o t a fin ite v e rb , i f th e b a se fo rm o f th e n e x t w o rd is "to " , i f th e w o rd a fte r th is is a n in fin itiv e , a n d i f th e re is a fin ite v e rb in o r rig h tw a rd s o f p o s itio n s 3 ,"
H e re 's o n e w a y to w rite th is in lo gic:
(19) cat(P1-P2.es) word(P1-P2,for), cat(P0-P1,v(fin)), cat(P2-P3,to), cat(P3-P4,v(inf)), zero_or_more_words(P4-P5), cat(P5-P6,v(fin)).
N o te th a t th is is a p o s itiv e co n strain t, N o te a lso th e u s e o f a n e g a tiv e c o n d itio n , m a d e p o s s ib le b y file in c lu s io n o f n e g a tio n in th e la n g u a g e , a n d th e u s e o f th e z e ro -o r-m o re -w o rd s p re d ic a te ,
L e ts t e s t th is ru le o n a re a l-w o rld e x a m p le . In th e B r o w n c o r p u s (F ra n c is & K u c e ra 1 9 8 2 ), th e re is o n e ( b u t o n ly o n e !) e x a m p le th a t sa tisfie s th e c o n d itio n s o f th is ru le .
W ith o u t s a y in g so, sh e w a s r e a lly g r a te fu l; f o r to a tte n d th e d y in g w a s s o m e th in g sh e h a d n e v e r e x p e r ie n c e d ...
CJiven a re p re s e n ta tio n o f th e re le v a n t p a rt o f th is te x t a s in (2 0 ), th e le x ic o n e n trie s in (2 1 ), a n d fire c o n s tra in ts in (1 9 ) a n d (2 2 7-8,something) . ... 
word(1-2,for). word(2-3,to). word(3-4,attend). word(4-5,the). word(5-6,dying). word(6-7,was). word(
cat(S.cs): cat(S.prep)word(S.for). cat(S,to); cat(S.prep)w ord(S.to). cat(S,v(ing)); cat(S.n)word(S,dying). cat(S,det(def))word(S.the). cat(S,v(fin)):-word(S.was). cat(S,v(inO)word(S,attend). cat(S.pron): -word(S,something). (22) :-cat(P0-P1,prep), cat(P1-P2,v(inf)). :-cat(P0-P1,det(J), cat(P1-P2,v(J). (23) {word(1-2,for). word(2-3,to). word(3-4,attend). word(4-5,the). word(5-6,dying). word(6-7,was). word(7-8,something). cat(1-2,cs). cat(2-3,to). cat(3-4,v(inf)). cat(4-5,det(def)), cat(5-6,n). cat(6-7,v(fin)). }
O n e fin a l th in g w o rth n o tin g a b o u t th is e x a m p le is th a t th e re is a lo t o f in te ra c tio n b etw een c o n stra in ts, b u t th a t th e o rd e r in w h ic h th e y in te ra c t d o e s n o t m a tte r a t all.
Implementation
O n to p o f th e m o d e l g e n e ra tio n th e o re m p ro v e r D is L o g (S e ip e l & T h o n e 1 9 94 ), w h ic h is cap ab le o f g e n e ra tin g th e se t o f m in im a l m o d e ls o r th e m in im a l m o d e l state w h ic h sa tisfie s a d isju n c tiv e n o rm a l lo g ic p ro g ra m , I h a v e b u ilt a sim p le b u t u s e r-fn e n d ly W o rld W id e W e b ap p licatio n w h ic h ta ilo rs th e D is L o g p ro v e r to th e ta s k o f ta g g in g a n d p a rsin g w ith g ra m m a rs enco d ed in lo g ic . T h e e n try p a g e is a t h ttp ://w w w .lin g .g u .se /~la g e r /IC C G /ic c g ,h tm L
Summary and Conclusion
In th e lo g ic g ra m m a r tra d itio n , p h ra s e s tm c tu re g ra m m a rs as w e ll as u n ific a tio n -b a se d e x te n sio n s o f p h ra se stm c tu re g ra m m a rs a re v ie w e d in th e lig h t o f th e tw o e q u a tio n s "g ra m m a r = th e o ry " a n d " p a rsin g = th e o re m p ro v in g " . T h is v ie w is sim p le, n a tu ra l a n d in m a n y o th er w ays a ttra c tiv e : F o rm a l lo g ic h as a n o ld tra d itio n a n d is w e ll-u n d e rsto o d ; lo g ic is c lo se to n atu ra l la n g u a g e , it c o m e s w ith a c le a r n o tio n o f tm th , a n d is d e c la ra tiv e in th e s tro n g e s t p o ssib le sense.
A lso , p ro p e rtie s lik e c o n siste n c y a n d m o n o to n ic ity h a v e b e e n e x te n siv e ly stu d ie d in lo g ical fi-am ew orks. In d e e d , i f th e re is a lin g u a fr a n c a o f k n o w le d g e re p re se n ta tio n , it o u g h t to b e fo rm al lo g ic. R e d u c tio n ist g ra m m a rs -g ra m m a rs th a t u s e m o s tly n e g a tiv e a n d u s u a lly lo c a l c o n stra in ts to c u t a w a y a m b ig u itie s in tro d u c e d b y a le x ic a l/m o rp h o lo g ic a l a n a ly sis p h a s e -c o n stitu te a n in te re s tin g a lte rn a tiv e to tra d itio n a l p h ra s e s tm c tu re g ra m m a rs, a n d h a v e b e e n d e v e lo p e d fo r se v e ra l la n g u ag es.
In th is p a p e r I h a v e trie d to ta k e a lo g ic g ra m m a r v ie w o n re d u c tio n ist g ra m m a rs. I h o p e to h a v e s h o w n th a t th is v ie w is c o n c e p tu a lly s im p le a n d tra n sp a re n t, a n d w e ll w o rth to ex p lo re. It re m a in s to d e v e lo p th e b a sic id e a s fu rth e r, to scale u p , to a sse ss its p ra c tic a l m erits a n d d isa d v a n ta g e s , a n d to c o m p a re it w ith o th e r a p p ro a c h e s w h e n trie d o n re a l co rp o ra .
B y try in g to 're c o n s tm c t' re d u c tio n is t g ra m m a rs in lo g ic, w e m a y b e g in to see w h y a n d h o w th e y w o rk , i f a n d w h e n th e y d e s e rv e to b e c a lle d 'd e c la ra tiv e ', w h a t w e c o u ld /s h o u ld m e a n w h e n w e s p e a k o f th e m as 'in c o n siste n t', 're d u n d a n t' o r 'ro b u s t', etc. W e m a y a ls o b e a b le to im p ro v e o u r u n d e rs ta n d in g o f h o w re d u c tio n is t p a rs in g re la te s to o th e r k in d s o f m e th o d s s u c h a s p arsin g w ith p h ra s e stm c tu re g ra m m a rs, a n d ta g g in g w ith sta tis tic a l m e th o d s. F o r e x a m p le , sin ce p h ra s e s tm c tu re g ra m m a rs c a n b e e x p re s s e d in lo g ic , it w o u ld b e in te re s tin g to e la b o ra te o n th e re la tio n o f re d u c tio n is t g ra m m a rs to p h ra se s tm c tu re g ra m m a rs, a n d also , to try to c o m b in e th e tw o.
T h e u s e o f a m in im a l m o d e l s ta te fo r re p re s e n tin g a m b ig u ity in a p rin c ip le d a n d v e ry c o m p a c t w a y a p p e a rs to b e re la te d to w o rk b y D y m e tm a n (1 9 9 7 ), w h e re a n a m b ig u o u s re p re se n ta tio n o f th e g ra m m a tic a l p ro p e rtie s o f a n in p u t s trin g o f w o rd s is se e n a s a s p e c ia lis a tio n o f th e g ra m m a r fc ffflia l p a rtic u la r in p u t s trin g .' T h is in d e e d is e x a c tly h o w a m in im a l m o d e l sta te is re la te d to th e k in d o f g ra m m a rs e x p lo re d in th e p re se n t p ap er.
A s f e r a s s c a lin g u p is co n ce rn ed , th e lo g ic a l a p p ro a c h is h o p e fu lly su ffic ie n tly s im ila r to C o n s tra in t G ra m m a r a n d F in ite -s ta te In te rs e c tio n g ra m m a r to a llo w la rg A s re g a rd s e ffic ie n c y , it re m a in s to b e sh o w n th a t a lo g ic -b a s e d re d u c tio n is t g ra m m a r c o u ld e v e r b e c o m e p ra c tic a l as a m e th o d fo r ta g g in g o r p a rs in g . T h e re is a w e ll-k n o w n tr a d e -o ff b e tw e e n e x p re ssiv e p o w e r a n d c o m p u ta tio n a l c o m p le x ity th a t a lw a y s th re a te n s to m a k e p a rtic u la r u s e s o f su c h p o w e rfu l fo rm a lis m s in tracta b le. O n th e o th e r h a n d , th e re a re , a s far I k n o w , n o re s u lts th a t d io w th a t th e sp e c ific k in d o f th e o rie s th a t I h a v e in m in d h e re a c tu a lly e x e rc ise th e w o rs t case c o m p le x ity o f th e g e n e ra l ca se . B e th a t as it m a y , sin c e in a n y ca se , lo g ic m a y still h a v e a ro le to p la y a s a n a n a ly tic a l to o l fo r in v e stig a tin g h o w d iffe re n t k in d s o f k n o w le d g e a b o u t la n g u a g e c a n b e b ro u g h t to b e a r o n th e p ro b le m o f p a rt-o f-sp e e c h ta g g in g a n d s h a llo w p a rsin g .
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